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Abstract

The w-6 fatty acid desaturase (FAD2) gene family in soybean [Glycine max (L)
Merr] consists of at least five members in four regions of the genome and are
responsible for the conversion of oleic acid to linoleic acid. Here we report the
identification of two new -6 fatty acid desaturase (FAD2) gene copies from
soybean expressed sequence tags (ESTs). Four bacterial artificial chromosomes
(BACs) containing five FAD2 genes were sequenced to investigate structural and
functional conservation between duplicate loci. Sequence comparisons show that the
soybean genome is a mosaic, with some duplicate regions retaining high sequence
conservation in both genic and intergenic regions, while others have only the FAD2
genes in common. Genetic mapping using SSRs from within the BAC sequences
showed that two BACs with high sequence homeology mapped to linkage groups |
and 0; these groups share syntenic markers. Another BAC mapped to linkage group
L. The fourth BAC could not be mapped. Reverse transcriptase—polymerase chain
reaction (RT-PCR) analysis of the five FAD2 genes showed that the FAD2-2B and
FAD2-2C copies were the best candidates for temperature-dependent expression
changes in developing pod tissue. Semiquantitative RT-PCR confirmed these results,
with FAD2-2C showing upward of an eightfold increase in expression in developing
pods grown in cooler conditions relative to those grown in warm conditions. The
implications of these results suggest a candidate gene for controlling the levels of
linoleic acid in developing pods grown in cooler climates.

Published in Crop Sci 47(S1) (2007). Published 14 Dec. 2006.
doi:10.2135/cropsci2006.06.03821pg

© Crop Science Society of America
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CULTIVATED SOYBEANS provide greater than two thirds
of the edible oil consumed in the USA, and 80% world-
wide (Mattson et al., 2004). Soybean seed oil generally
consists of varying amounts of oleic (12.2-22.4%) and
linoleic acid (37.6-60.2%) depending on the cultivar.

Traditionally, oils for human consumption are
preferred to have lower levels of polyunsaturated fatty
acids, such as linoleic acid, that lead to autooxidation
and undesirable flavor changes (Warner et al., 1994).
Conversely, vegetable oils that are naturally higher in
oleic acid are prized for having greater shelf-stability
and increased structural integrity at higher cooking
temperatures (Warner et al., 1994). They are also desir-
able because of the potential nutritional benefits, such
as lowering low-density lipoprotein (LDL) cholesterol
(Mattson and Grundy, 1985; Grundy, 1986).

Most polyunsaturated fatty acids, up to 90% in
nonphotosynthetic tissues, are synthesized through

Abbreviations: BAC, bacterial artificial chromosome; DAE, days after emergence;
DAF, days after flowering; EST, expressed sequence tag; gmw1, Williams 82 6. max BAC
library constructed af lowa State University; LTR, long terminal repeat; MYA, million years
ago; PCR, polymerase chain reaction; qRT, semiquantitative reverse-ranscriptase; RT,
reverse franscriptase; SSR, simple sequence repeat.
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an 18:1 desaturase in the endoplasmic reticulum
(Miquel and Browse, 1994). The gene encoding
microsomal m-6 desaturase, fatty acid desaturase-2
(FAD2) was originally characterized in Arabidopsis
thaliana (L.) Heynh. and associated with the conver-
sion of 18:1 oleic to 18:2 linoleic acid by inserting

a double bond at the 12th carbon in the fatty acid
hydrocarbon chain (Okuley et al., 1994).

In soybean, two copies of microsomal -6 desatu-
rase, FAD2-1 and FAD2-2, have been cloned (Heppard
etal., 1996). Expression studies showed FAD2-1 seemed
to be expressed primarily in developing seeds, while
FAD2-2 was expressed in both vegetative tissues and
developing seeds. Recently, EST based searches by Tang
et al. (2005) identified an additional copy of FAD2-1 in
soybean. An analysis of the EST libraries from which
the FAD2 genes were identified found that all FAD2-1
ESTs were from seed-related libraries and FAD2-2 ESTs
came from a variety of tissues.

A temperature-dependent relationship between
oleic and linoleic acid concentration in soybean has
been observed. Lower temperatures lead to an increase
in polyunsaturated fatty acids, such as linoleic acid, and
a decrease in unsaturated and monounsaturated fatty
acids, such as oleic acid (Neidleman, 1987; Thompson,
1993; Thomas et al., 2003; Tang et al., 2005). The tran-
script levels of FAD2-1 and FAD2-2 did not appear
to increase at low temperatures in developing pods
as would be expected if they were responsible for the
increased levels of linoleic acid (Heppard et al., 1996).

The existence of multiple FAD2 gene copies
in soybean is not surprising, given that soybean is
a paleopolyploid. Evidence for ancient polyploidy
has been based on cytogenetic studies (Hadley and
Hymowitz, 1973; Lackey, 1980; Walling et al., 2006),
soybean gene family studies (Lee and Verma, 1984;
Hightower and Meagher, 1985; Grandbastien et al.,
1986; Nielsen et al., 1989), genetic mapping studies
(Shoemaker et al., 1996; Lee et al., 1999, 2001), BAC
hybridization, BAC-end sequencing and BAC finger-
printing (Marek et al., 2001; Foster-Hartnett et al.,
2002; Yan et al., 2003, 2004), and EST based analyses
that identified at least two major genome duplica-
tions (Schlueter et al., 2004; Blanc and Wolfe, 2004).
Most recently, the first study looking at the sequence
conservation in homeologous regions observed
strong conservation of both gene order and orienta-
tion, as well as sequence conservation in the noncod-
ing regions (Schlueter et al., 2006).

The FAD2 genes provide an excellent resource to
further study the evolutionary dynamics of a paleo-
polyploid genome. In this paper, we report the iden-
tification of two additional FAD2 gene copies from
soybean ESTs. Four soybean BACs representing five
FAD2 gene copies were sequenced. Surprisingly, only

two BACs showed high levels of homeology, while
the other two BACs had only the FAD2-2 genes in
common. The spatial and temporal expressions of
each of the FAD2 genes were studied in developing
pods grown at both warm and cool temperatures, as
well as other vegetative tissues.

Materials and Methods
FAD2 BAC Selection

FAD2 genes were identified with TBLASTX
(default parameters) using the FAD2-1A sequence
(Genbank L43920) against all soybean ESTs (Altschul
etal,, 1990). Identified ESTs were aligned into contigs
using Sequencher v. 4.5 (Gene Codes Corp., Ann Arbor,
MI), also with default parameters. Four FAD2 copies
were identified. The PCR primers were designed to
distinguish between copies using Oligo 6.82 (Molecular
Biology Insights, Cascade, CO); these sequences are in
the supplemental materials. Multidimensional pools of
the ‘Williams 82’ G. max BAC library (gmwl1; Marek
and Shoemaker, 1997) were PCR screened using the
conditions described in supplemental materials. The
BAC DNA was isolated using a Plasmid Midi kit (Qia-
gen, Valencia, CA) and reverified with PCR.

BAC Sequencing and Assembly

Three BACs, gmw1-45m6 (AC166742), gmw]-
15k6 (AC160454), and gmwl1-11j16 (AC166091)
were sequenced at the University of Oklahoma. The
detailed procedures for cloned large insert genomic
DNA isolation, random shot-gun cloning, fluores-
cent-based DNA sequencing, and subsequent assem-
bly were used as described previously (Bodenteich
etal., 1993; Pan et al.,, 1994; Roe et al., 1996; Chissoe
et al., 1995; Roe, 2004). The BAC DNA for gmwl-
105h23 (AC187294) was randomly sheared, shot-gun
cloned, sequenced, and assembled as previously
described (Schlueter et al., 2006). Further details of
these procedures can be found in the supplemental
materials. The BAC sequences are available at NCBI
under the above accession numbers.

Genetic Mapping of BACs

The BAC sequences were scanned for simple
sequence repeats (SSRs) using Sputnik (Espresso
Software Development, Seattle, WA). The SSR poly-
morphisms were identified in the G. max A81-356022
X G. soja PI 468916 mapping population (Diers et al.,
1992; Shoemaker et al., 1996). Genetic map positions
of these SSRs were determined using MapMaker with
a minimum lod score of 3.0 (Diers et al., 1992; Lander
et al., 1987). The relative positions of the BACs were
then placed on the soybean composite map (Song et al.,
2004; http://soybase.org, verified 22 Aug. 2006).

Schlueter et al.: Soybean Fad2 Gene Family
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Sequence Annotation and Analysis

Gene structure prediction used a combination
of ab initio and similarity-based methods displayed
by the xGDB system (Schlueter et al., 2005; S.D.
Schlueter, M.D. Wilkerson, Q. Dong, and V. Brendel,
2006, unpublished data). For ab initio prediction,
Genscan with A. thaliana based parameters (Burge
and Karlin, 1997), FgeneSH with Medicago trun-
catula Gaertn. based parameters (www.softberry.
com; verified 13 Dec. 2006), and GeneMark.hmm
with A. thaliana based parameters (Lukashin and
Borodovsky, 1998) were run. For each BAC sequence,
soybean ESTs and all plant putatively unique tran-
scripts were aligned using Geneseqer at PlantGDB

The FAD2 genes provide an
excellent resource to further study
the evolutionary dynamics of a

paleopolyploid genome.

(Schlueter et al., 2003; Dong et al., 2005). For each
gene, the structure was predicted using EST align-
ments, putatively unique transcript alignments, and
then ab initio predictions with the yrGATE system
as part of xGDB (Schlueter et al., 2005; Wilkerson
etal., 2006). The xGDB database system in conjunc-
tion with yrGATE allowed the direct comparison of
ab initio predictions to the EST alignments to bet-
ter determine gene structures. Each predicted gene
was subjected to a BLASTP query of the NCBI nr
database, with default parameters to assign puta-
tive function as well as identify conserved domains
(Altschul et al., 1990).

Putative retroelements were identified with a
variety of methods. Ab initio gene predictions iden-
tified some open reading frames that had sequence
similarity to polyprotein sequences. The BLASTN
and TBLASTX searches were performed against
the TIGR repeat databases (www.tigr.org/tdb/e2k1/
plant.repeats; verified 13 Dec. 2006), with default
parameters. RepeatMasker was run with Repbase
(A.F.A. Smit and P. Green, 2006, unpublished data),
with default parameters. Potential long terminal
repeat (LTR) retrotransposons were searched for
using LTR_STRUC, with an intensity parameter of
1 (McCarthy and McDonald, 2003). Each BAC was
fragmented into 1-kb pieces and a self-BLASTN,
with default parameters, identified putative LTRs
(Altschul et al., 1990).

Alignment of homeologous BACs used shuftle-
LAGAN (Brudno et al., 2003), with default parameters

anchored by predicted gene structures. Shuffle-LAGAN
is a global pairwise alignment program that also
detects rearrangements such as inversions. This pro-
duced a VISTA plot (Frazer et al., 2004). The nucleotide
and protein percentage identity and similarity between
genes both within a single BAC and between BACs

and was calculated using WATER, a pairwise align-
ment program (gap penalty of 10; extension penalty

of 0.2; EMBOSS). Synonymous and nonsynonymous
distances were calculated using PAML with default
parameters (Yang, 1997). Coalesence estimates were
calculated as in Schlueter et al. (2004).

Transcript Accumulation of Homeologs
RT-PCR primers for all FAD2 genes as well as
alternatively spliced transcripts were designed. Where
possible, primers flanked an intron as an internal con-
trol and were designed to be homeolog specific. Each

primer pair was tested by PCR against Williams 82
genomic DNA to verify the homeolog specificity.

Williams 82 developing pod tissue was grown
in growth chambers with day/night temperature
cycles of 32/28 or 18/12°C and light/dark cycles
of 12/12 h, and was collected at 6 to 10 (5-10 mg),
13 (11-30 mg), 17 (31-60 mg), 19 (61-100 mg), 21
(101-150 mg), and 26 (200-300 mg) days after flow-
ering (DAF) in both conditions as previously done
by Heppard et al. (1996). Greenhouse grown tissue
for cotyledons, roots, and furled unifoliate were
collected 3 days after emergence (DAE), unfurled
unifoliates at 4 DAE, cotyledons and roots at 7 and
8 DAE, respectively, furled trifoliolate at 11 DAE,
unfurled trifoliolate at 15 DAE, and flower tissue =60
DAE. For each tissue, samples were collected from
at least three independent plants. Using the RNeasy
Plant Mini Kit (Qiagen, Valencia, CA), mRNA was
extracted and purified from flash-frozen tissue and
subsequently treated with DNA-free DNase and
removal kit (Ambion, Austin, TX) and quantified
using a ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE).

Nonquantitative RT-PCR was performed with
SuperScript One-Step RT-PCR (Invitrogen, Carlsbad,
CA) across all tissues. The PCR conditions were as
previously described (Schlueter et al., 2006) and are
provided in the supplemental materials. Tubulin was
used as a positive control (Graham et al., 2002). All
RT-PCR reactions were done with three independent
biological replicates.

Semiquantitative real-time PCR was performed
with all FAD2 genes (and alternatively spliced
transcripts) that showed expression with the initial
RT-PCR screens using only the developing pod tis-
sues. Reactions were done using Stratagene’s Bril-
liant QRT-PCR kit (La Jolla, CA) and the Stratagene

S-16 The Plant Genome [A Supplement to Crop Science] ® January 2007 = No. 1
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Mx3000P thermocycler. Each sample con-
tained a passive reference dye and was run in
triple technical replicates. Each primer pair
was additionally run on two biological repli-
cates. Reaction conditions are described in the
supplemental materials.

Results

Genomic Organization

of FAD2 Regions

The PCR-based screens of the gmwl BAC
library identified four BACs each for FAD2-1A,
FAD2-1B, FAD2-2A, and FAD2-2C. To maxi-
mize regional overlap, the largest BAC corre-
sponding to each gene was sequenced. Shotgun
sequencing of BACs gmw1-15k6 (FAD2-1A),
gmwl1-105h23 (FAD2-1B), gmwl1-11j6 (FAD2-
2A), and gmw1-45m6 (FAD2-2C) yielded >497
kb of soybean genomic sequence anchored by
FAD?2 genes. The SSRs identified from each
BAC allowed genetic mapping of these BACs
to position gmwl-15k6 and gmw1-105h23 on
linkage groups O and I, respectively (Fig. 1).
The BAC gmw1-11j16 mapped to linkage group
L, at a position 24.3 cM from peG488_1 and
23.0 cM from Satt156 (results not shown).
There were no close associations between fatty
acid or oil QTLs and the determined map
locations. Ten different SSRs were tested from
gmwl-45m6, and none identified polymor-
phisms in the mapping population screened.

Gene predictions for all four BACs identi-
fied a total of 57 genes (Fig. 2, Supplemental
Table 1). All of these gene structures, EST
alignments, and ab inito predictions are avail-
able to view at http://soybase.org/publication_
data/Schlueter/GMaxGDB.html (verified 13
Dec. 2006). Of all predicted genes, 65.5% possessed
exons that were supported by EST alignments, simi-
lar to an estimate from a previous study (65%; Schlu-
eter et al., 2006). The average gene size was =956 bp.
The gene density (not including repetitive elements)
in these regions seems similar in three BACs with
1 gene every 6.70, 7.95, and 7.77 kb for gmwl1-15keé,
gmwl-105h23, and gmw1-11j16, respectively. Con-
versely, gmwl1-45m6 has only 1 gene every 19.2 kb.
These predictions, not considering gmwl1-45m6, fall
in the range of previous gene density estimates rang-
ing from 1 gene per 5.8 to 9.9 kb (Young et al., 2003;
Mudge et al., 2005).

All of the translated protein sequences of predicted
genes showed similarity to a protein in the NCBI non-
redundant database (Supplemental Table 1). On the
basis of the EST alignments, FAD2-1A and FAD2-1B

LG |
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Figure 1. Graphical representation of Linkage Groups | and O based
on the soybean composite map at www.soybase.org (verified 13
Dec. 2006). The BACs gmw1-15ké (FAD2-1A) and gmw1-105h23
(FAD2-1B) mapped fo these linkage groups in the Glycine max A81-
356022 x Glycine soja Pl 468.916 mapping populations. Their
locations relative to other markers are shown. Lines between markers
show syntenic markers.

both show evidence of alternatively spliced transcripts.
For both FAD2-1A (gmw1-15k6) and FAD2-1B (gmwl-
105h23), the alternative spliced transcript moves the
start methionine codon by increasing (or decreasing)
the intron size. This alternative splicing event does not,
however, change the resulting protein. These transcripts
are called FAD2-1A_S and FAD2-1A_L for the alter-
native splicing events that have a small intron (S) or a
large intron (L), respectively. The same terminology
applies to FAD2-1B. Other potential alternative splicing
events include a vesicle-associated membrane protein,
aribonuclease HII protein, and a protein most like a
Cicer arietinum L. gene (CAD31715.1) on gmwl-15k6.

On gmwl-105h23, melvonate dispohosphate decar-

boxylase and a pollen-specific protein show alternative
splicing (results shown at http://soybase.org/publica-
tion_data/Schlueter/GMaxGDB.html; verified 13
Dec. 2006)). In contrast to evidence of alternative

Schlueter et al.: Soybean Fad2 Gene Family
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Figure 2. Predicted gene structures and retrotransposon insertions on soybean BACs gmw1-11j16, gmw1-15k6, gmw1-
105h23, and gmw1-45mé6. Each colored block arrow on the line represents a gene. Gray connecting boxes between
genes show homeologs or syntenic relationships. Black arrowheads represent full-length predicted retrotransposon
elements. Gray arrowheads represent fragmented remnants of retrotransposons.

splicing, there appeared to be only two cases of tandem
duplication, the WD-domain containing genes on
gmwl-45m6 and the FAD2-2 genes (A and B) on gmwl-
11j16 (Fig. 2).

Only sequences with fragmented similarity to
retroelement RTs were identified in gmwl1-11j16 and
gmwl1-105h23. The putative retroelement sequence in
gmwl-11j16 is similar to a gag-pol polyprotein previ-
ously identified in G. max (AAC64917.1), although
the BLAST search showed only a partial alignment.
Gmwl1-105h23 has a degenerate TyI-copia like RT at
=112250-113 000 bp. Gmw1-15k6 contains only one
retrotransposon inserted between the ferredoxin
gene and an unknown protein similar to Oryza
sativa NP_915582.1. This retroelement is nearly
identical to a previously identified gypsy-like retro-
element in soybean (AAO23078.1), with an e value
(BLAST statistic, measure of similarity between
two sequences) of 0.0 (highly significant, near 100%

sequence identity) and 1379/1554 positives. The
gypsy element structure with a RT preceding the
integrase is conserved in this newly identified ret-
rotransposon. The LTRs for this element are only 363
bp in length, but are highly similar to one another,
suggesting a recent insertion.

The BAC gmwl1-45m6 is very different from the
other three BACs due to the presence of numerous repeti-
tive element sequences. A BLASTX search of known RT
sequences against the BAC identified seven putative Dias-
pora Ty3-gypsy like elements. The program LTR_STRUC
identified one LTR-retrotransposon of >15706 bp in
length. When searching for the location of the LTRs for
the LTR_STRUC predicted element, an interesting trend
occurred: eleven different regions of gmw1-45m6 showed
high sequence identity to that LTR sequence. This par-
ticular LTR-retrotransposon has inserted itself numerous
times across this region. Additionally, a putative CACTA
element fragment was identified from 57 875-59 365
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Figure 3. VISTA based identity plots between gmw1-15ké and gmw1-105h23. The plots above and below the represen-
tative BAC structures show the relative nucleotide identity between the two BACs. The light purple boxes on top of the

VISTA plots correspond to exon positions.

bp (just 3" of the FAD2-2C gene copy) based on a
TBLASTX similarity search to an A. thaliana CACTAL,
with an e value of 0.0. However, only a small region of the
CACTA element was conserved.

Comparison of FAD2
Homeologous Regions

Out of the four FAD2-containing BAC clones,
only two of them share several other genic sequences
(Fig. 2). The homeology between gmwl1-105h23 (FAD2-
1A) and gmw1-15k6 (FAD2-1B) is high (Fig. 3). One
major inversion spanning the region from an F1F0-
ATPase inhibitor-like gene to the pollen-specific gene is
observed. With this exception, all of the genes are con-
served in both order and orientation in these regions.
Some sequence similarity (>75%) is seen in intergenic
regions (Fig. 3). Because this is seen in close proximity
to the coding regions, it is likely due to conserved pro-
moter elements and transcription factor binding sites.
There are, however, large regions between genes that

have <50% sequence identity; in other words, they are
not conserved at all.

Similar to previous findings (Schlueter et al.,
2006), the homeolog gene length is preserved.
Between each gene pair, the number of exons and
introns for most genes are identical. Exceptions to
this are as follows: the gmw1-105h23 ribonuclease
HII gene that appears to be truncated with respect to
the gmw1-15k6 gene; the gmwl-15k6 F1F0-ATPase
inhibitor-like gene appears to have an included
intron that is not found in the gmwl1-105h23 copy;
four exons in the gmw1-105h23 unknown gene most
like Oryza sativa NP_915582.1 are not predicted in
the gmwl1-15k6 copy; one exon on the gmw1-105h23
unknown gene most like Arabidopsis NP_197637.1
is not predicted in the gmw1-15k6 copy; and the
alternative splicing events as discussed above. The
gmwl-15k6 copy of melvonate diphosphate decar-
boxylase contains five more exons relative to the
gmwl1-105h23 copy, although this is most likely due
to truncation of the gmw1-105h23 copy since it is
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Table 1. Similarity between homeologous BACs gmw1-15ké and
gmw1-105h23.

Synonymous and nonsynony-
mous distance measures between

Putative fundiion Nucleotide 'Prote.in 'Protein ; Kt Date  homeologs on gmwl-15k6 and
identity identity similarity s @ (MYAS  gmwl-105h23 were calculated. Two
Unknown 5 88.4 81.6 862 01280 0080 105  independent studies using EST
FAD2-1 94.6 93.5 96.9 01048 00329 859  sequences and different methods
Vesicle-ussociated membrane profein 97.3 97.9 987 00749 00116 614  have predicted that the soybean
Coatomer 97.2 97.3 98.3 00611 00131 501  genome underwent major duplica-
= HHE-domain containing 93.4 934 952 01360 00295 111  tions =14.5 and 45 million years

g Ribonuclease HIl 88.2 9.7 81.4 00268 0.057 220  ago (MYA; Schlueter et al., 2004)

o Unknown 70 89.4 904 915 02361 00257 194  or=4.5and 16.1 MYA (Blanc and

© Pollen-specific 93.5 91.2 934 01065 0.0514 873  Wolfe, 2004). The predicted coales-

2 Ferredoxin 94.8 94.8 987 01345 00247 110  cence estimate, based on the average

2 Unknown 110 90.1 84.3 822 00735 00337 602  synonymous distance of homeologs

B B-tubulin cofactor D 91.6 88.5 86.8  0.1012 0.0215 8.30 between gmw1-15k6 and gmwl-

8 Virakresponse protein 93.0 913 93.6  0.1007 0.0275 825 105h23 (0.1061), is =8.70 MYA

<=( ACT-domain protein 97.4 97.5 98.6  0.0557 0.0115 457 (Table 2). A ¢ test using the mean

« Unknown 130 69.7 66.8 69.0 0.1020 0.0533  8.36 of synonymous distances from

-% Lipoic acid synthase 91.9 90.9 923 01129 00260 9.25 the FAD2 regions and the mean of

= Germin-fike protein 95.9 96.6 97.8  0.1207 0.0156  9.89 synonymous distances from the

f Unknown 160 69.8 66.8 68.9 0.1328 0.0123 10.9 14.5 MYA event (Schlueter etal.,

g Melvonate diphosphate decarboxylase 96.1 97.2 97.2  0.1013 0.0532 8.30 2004) gave a t value of 7.57 with 17

k5 Average 90.7 88.9 904 01061 00326 870  df, showing a significant difference

8 1K, synonymous distance between refained homeologs. between the mean synonymous dis-

Ccfb) K, nonsynonymous distance between retained homeologs. tances with a >99% confidence.

g § MYA, million years ago.

g The FAD2 Gene Family

2] Table 2. FAD2 primers for semiquantitative RT-PCR screens. When only the FAD2 genes are

8 Primer Primer considered, some interesting trends

&) Primer namet Primer sequence (5~3’) length by locationt Size¥  emerge. On average, the nucleotide

S owHSGRIALE G CCCMGAT MM TG C n ssss4 a3 identity between t},‘ehFADZ gene

g grwl-ISK6 FADZTA_LR  CACAAC ATC ATC AC CCATTG 2 6376-639 copies is 76.48% with a range of

B gmu-15k6 FAD21A_SF AT TTC CT6 AAG 6CT TAG 6T6 n o sm-sy 4z 00010 95.8% The average protein

S gmw1-15k6 FAD2-TA_SR ~ GAAAGC AGT GTG GTG GAATTG 0 6149-6169 identity is 77.94% with a range

8 onwI-I0hI3FA02IB LR GATACTACA AGC CACTAG GCAT n s gn  Of67Ato o and the average

g gmw1-105h23 FAD21B_LR TGA GT6 AC 66T CAA ACC CAT A 2 91952-91973 f:gtee“; ol igtgyggf Il\Izaf) ‘;’;ﬁh ¢

g gmu1-105h23 FAD2-1B_SF GAT TIC TTG AKG GCT AT GGT AT B 99314 40 SO (emwi-15k6) an dEADY.

N gmw1-105h23 FAD2-1B_SR AAG GTC ATA AAC AAC ATA GGA C 22 91751-91772 1B ( mw1—§05h23) are most similar

8— gmw1-1116 FAD2-2A F CTT CCA CAA CCTTCCTCATC 20 1496414713 335 to or%e another. The overlappin

(@) gmw1-11j16 FAD2-2AR GGA TTG TTT AGG TAT TTA GAT AG 23 15277-15299 regions of FAb2—2B ( mwlf?ll'i)

g gmw1-1116 FAD2-28 F AGT ATG CTATGG CCT TIT (16 21 23801-23821 494 and FAD2-2C (gmw1?45m6) hJave

= gmw1-11j16 FAD2-2B R ACCATC CCA CCT GAC GGA C 19 24277-24295 high nucleotide identity (95.8%), as

5 gmw1-45mé FAD2-2C F ACCTCA CCATAG CCTTCT AC 20 54676-54695 336 well as high protein ide};tit ’ 95 ’9%)

é gmw1-45mé FADZ-2CR TAT TTA GAG TAC CACTTG ATA CA 23 54990-55012 and similarify (96.6%) Thei”e ha's

) ] Fcorr.esponds.to The.f()fward primer and Rcor'responds to the reverse primer. been surprising co'nser'vation in

8— 1 Location of primer within BAC sequence, relative to 5" end of BAC. . . .

e § Size of PCR amplicon. these FAD2-2 coding regions with
seemingly nothing else in common
between the BACs.

at the end of the BAC. The average nucleotide iden- . .

tity between the coding regions of gmw1-15k6 and Expression of FAD2 in

gmw1-105h23 is 90.7%; and the resulting aminoacid  Developing Pod Tissue

identity and similarity is 88.9 and 90.4%, respec- Of particular agronomic interest is the functional
tively (Table 1). divergence between the FAD2 genes, especially in
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developing pod tissues grown at warm or cool tem-
peratures. Reverse-transcriptase PCR screens were
performed across developing pod tissues as well as
vegetative tissues with all FAD2 genes and their alter-
natively spliced transcripts to identity tissues where
each transcript accumulated (Fig. 4). The FAD2-2A
(gmwl1-11j16) primer pairs did not amplify any RNA
samples, although the positive Williams 82 genomic
DNA control amplified (data not shown). This suggests
that FAD2-2A is either not expressed in tissue surveyed
in this experiment, or that this gene copy is no longer
functional. Detection of all the alternatively spliced ver-
sions of FAD2-1A and FAD2-1B transcripts verified our
prediction of alternatively spliced structures.

The RT-PCR screens of all four FAD2-1A
(gmwl-15k6) and FAD2-1B (gmwl1-105h23) tran-
scripts suggest that none have increased expres-
sion in developing pods at cooler conditions. These
results confirm previous findings (Heppard et al.,
1996). In fact, there appears to be delayed or less
expression of FAD2-1A and FAD2-1B in developing
pods grown in cooler conditions. What was sur-

prising was the amplification of both FAD2-1A_L
(gmwl-15k6) and FAD2-1B_S (gmwl1-105h23) in
vegetative tissues when these copies were originally
shown to express only in developing pods (Fig. 4;
Heppard et al., 1996). In concordance with previous
results (Heppard et al., 1996), FAD2-2B (gmw1-11j16)
is expressed in all tissues surveyed but the intensity
of the bands in developing pods grown at cooler con-
ditions suggests that FAD2-2B may be a candidate
for increased expression of FAD2 (Fig. 4). FAD2-2C
(gmw1-45m6) shows very similar expression pat-
terns to FAD2-2B.

Following the results of the traditional RT-
PCR screens, semiquantitative reverse-transcriptase
(gRT) PCR experiments were performed. The objec-
tive was to determine if significant fold changes in
expression could be identified at each time point for
developing pods grown under cool conditions vs.
those grown under warm conditions. The number
of cycles to reach threshold fluorescence (the Ct
value) was determined based on the point at which
the FAD2 amplicon fluoresced at a higher level than

S &

PR A P S S S S S & &8 888 o
O I A T £ LR LS8
O A S I A N e IR R I R S

QS - &

+ + + + + - -

+ + + + + + -

Figure 4. RT-PCR amplification for FAD2-1A_L, FAD2-1A_S, FAD2-1B_L, FAD2-1B_S, FAD2-2B, and FAD2-2C. Positive
control reactions used tubulin56. Plus symbols indicate amplification of that transcript in a particular tissue, and minus
symbols indicate no amplification. Tissue types are as follows: 610, developing pods 610 d after flowering (DAF);
13, developing pods 13 DAF; 17, developing pods 17 DAF; 19, developing pods 19 DAF; 21, developing pods 21
DAF; 26, developing pods 26 DAF; C3, cotyledons 3 days after emergence (DAE); R3, roots 3 DAE; FU, furled unifoli-
ate 3 DAE; UU, unfurled unifoliate 4 DAE; C7, cotyledons 7 DAE; R8, roots 8 DAE; FT, furled trifoliolate 11 DAE; UT,
unfurled trifoliolate 15 DAE; P, pods 76 DAE. All samples with a w were grown under the warm conditions and ¢ for
cool conditions. All samples with a -RT are controls with no reverse transcriptase for mRNA amplification, but still con-
tain Taq DNA polymerase. The final sample in each set of reactions is a Williams 82 DNA based positive control.
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Table 3. Semiquantitative reverse-transcriptase PCR results. background fluorescence. A significant

Gene Tissue Temperature Gt value! Change in Ct .Fold chque e?(pression difference between cool Pod
DAF! value! in expression® tissue and warm pod tissue at a particular
FADZ-TA 6-10 warm 355 0.9 time point corresponds to a change of one
(oo 346 cycle in Ct value; a one-cycle change trans-
6-10 warm 34.5 -0.2 1 . . .
ol 347 ates into a twofold change in expression.
13 warm 28.9 49 124 The qRT-PCR screens were run with the six
cool 35.1 FAD2 primer pairs that detected expression
= 17 warm 28.1 -7.1 -142 in developing pods (Fig. 4). Only the devel-
g ol 35.2 oping pod tissue was used in these experi-
o 19 wurrln gg; =02 ments. Both FAD2-1A_L (gmwl1-15k6) and
o " v;g:’m 23 04 FAD2-1B_L (gmwl1-105h23) show signifi-
2 ol 28,9 ‘ cant changes in expression in developing
= 26 warm 274 -29 58 pods from warm conditions vs. those from
2 cool 30.3 cool conditions (Table 3). In both cases,
8 FAD2-1B 6-10 warm 39.0 0.9 expression of FAD2 increases in the warm
= ol 381 pod tissues relative to the cool pod tissue
. 6-10 wurrln ggg 0 (Table 3). The QRT-PCR results for the
2 13 v;g?m 339 49 84 alternative spliced FAD2-1A_S and FAD2-
g 0ol 381 ' ' 1B_S transcripts mirrored those of FAD2-
f_: 17 warm 325 54 12 1A_L and FAD2-1B_L (data not shown).
© cool 38.1 Although RT-PCR screens suggested
ol 19 warm 35.7 1 21 that FAD2-2B (gmw1-11j16) seemed a good
S cool 348 candidate for temperature-dependent
o d WU”F gg; 08 increase in FAD2 expression, the gqRT-PCR
g 2% v;g?m 339 17 34 did not confirm this. FAD2-2C is the only
2 cool 349 -6 desaturase gene that shows increases
2 FAD2-28 6-10 warm 32.3 -04 in expression in the cool developing pods.
s cool 327 Fairly significant fold changes in expression
o 6-10 warm 3.1 07 are observed with FAD2-2C (gmw1-45m6)
2 1 v;g?rln ggg 03 at 6-10, 13, 19, 21, and 26 DAF ranging
E ol 320 from 2.6 to 8.0 (Table 3).
K% 17 warm 32.1 -0.2
= W e 09 Discussion
K <ol 322 Paleopolyploid Genome Structure
% 2 W‘”rl” ggg 04 Paleopolyploids are ancient polyploids
'(c,_.; % v;g?m 395 06 that are undergoing the switch from tetra-
o ool 331 ‘ somic to disomic inheritance in a process
8 FAD2-2C 6=10 warm 33.4 13 24 called diploidization. It has been previously
cool 321 suggested that during this ongoing process
g 6-10 warm 32.6 -1.0 -20 of diploidization there are both diploid and
= ol 336 tetraploid loci within the genome (Wolfe,
8 13 wm 346 2 40 2001). Most plant species are now consid-
= cool 32.6 X
3 17 warm 339 05 ered to be paleopolyploids (Lockton and
= cool 334 Gaut, 2005; Blanc and Wolfe, 2004; Schlu-
E 19 warm 36.4 4 8.0 eter et al., 2004; Masterson, 1994). The first
ool 324 study looking at homeologous regions in
21 warm 35.6 21 54 soybean suggested that duplicated regions
cool 82.9 have higher-than-expected gene reten-
26 VZELT ggg 22 4 tion and that, particularly in soybean, the

1 The Ct value is the threshold where product fluorescence levels are stafistically higher than background fluorescence. procgss Of, diploidization is quite slow and
1 Change in Ct value is relative to developing pods in warm conditions. certainly incomplete (Schlueter et al., 2006).

§ The fold change in expression is based on a twofold change relative to one degree in the Ct value. Two BACs sequenced in this analysis sup-
 DAF, days after flowering. port previous findings. However, the other
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two BACs show very different evolutionary dynam-
ics within the soybean genome.

Between the soybean composite maps for link-
age groups I and O, there are numerous markers in
common, suggesting that gmw1-105h23 and gmwl-
15k6 are indeed homeologs (Fig. 1). The mapping of
gmwl-11j16 to linkage group L is significant because
this linkage group has been shown, through FISH
analysis, to have secondary hybridization signals
on another chromosome not yet anchored to a link-
age group (Walling et al., 2006). This suggests that
there may be another region in the genome that is
homeologous to gmwl1-11j6 and that there may be
more copies of FAD2. Similarly, hybridization of a
40 bp overgo to the Gmw2 Williams 82 BAC library
membranes identified at least 52 BACs. Given that
these membranes represent =7.92x genome cover-
age, this suggests that there are =6.6 FAD2 loci in
the genome. This translates to possibly two or more
regions of the genome beyond those studied here
that contain FAD2 genes.

Between gmwl-15k6 and gmw1-105h23, genic
sequence is strongly retained in both order and ori-
entation (Fig. 2). Gene structure variation between
the BACs may be due to the lack of EST support
for particular gene structures and the reliance on
ab inito predictions. These two BACs have an even
higher level of sequence retention with no tandem
duplications or gene losses, as previously observed.
The coalescence estimate between these BACs is
8.70 MYA (Table 1); a much more recent duplication
event than the 12.2 MYA estimate obtained for the
HCBT duplicated BACs (Schlueter et al., 2006). Fur-
ther, this divergence estimate does not fall within the
closest duplication estimate of 14.5 MYA as shown
by ¢ test (Schlueter et al., 2004). It is possible that this
duplication is the result of a segmental or aneuploidy
event that happened independently of the paleopoly-
ploid events. Or, this region may be under selection
forces that have conserved gene structures more than
other regions of the genome.

FAD2-1A and FAD2-1B genes yielded a diver-
gence estimate of =8.59 MYA, close to the average of
all homeologs on those BACs. However, when these
two closely related FAD2-1 copies are compared with
the FAD2-2 genes, synonymous distances suggest
that they diverged from 105 to 277 MYA. When just
the FAD2-2 genes are compared with one another, it
appears that the tandem duplication on gmw1-11j16
occurred about 28 MYA and that FAD2-2B is more
closely related to the FAD2-2C (gmwl1-45m6) with
a coalescence estimate of 10 MYA. This is reflected
as well in the sequence identity discussed above.
Similarly, FAD2-2A and FAD2-2C distances suggest
a divergence at 31.9 MYA. This estimate is relatively

close to that of the tandem duplication on gmwl1-
11j16. One possibility is that FAD2-2B was tandemly
duplicated, and then the region itself was duplicated
(leading to the FAD2-2C BAC), followed by extensive
loss, rearrangement, and/or retroelement insertion.
Another possibility would be that FAD2-2C is the
result of a single gene insertion into a region of the
genome that is very repetitive, or that FAD2-2C or
FAD2-2B are closely related due to gene conversion.
Taken together, these results suggest that the duplica-
tion that generated the FAD2-1 and FAD2-2 genes is
quite ancient.

Current plant genome structure models sug-
gest that genes are arranged in two major ways.
In smaller genomes such as A. thaliana, the genes
are fairly evenly spaced along the chromosomes as
“beads on a string” (The Arabidopsis Genome Initia-
tive, 2000). Conversely, the maize genome has been
predicted to have genes existing in islands separated
by repetitive sequence (SanMiguel and Bennetzen,
1998; Messing et al., 2004), although this model
has recently been called into question (Haberer et
al., 2005). When all four BACs are considered, sup-
port for both genome models is observed. There are
three cases of regions with fairly densely packed
genes with almost no retroelement insertions (Fig.
2), and the last region has very few genes with large
retroelement insertions and is nearly half as dense
as the other FAD2 BACs. The genes in this region
are clustered and surrounded by numerous repeti-
tive sequences much as with the gene island model.
Although there is little to no evidence for a transpo-
son explosion in the soybean genome, organization
of this BAC would suggest that some regions might
be hotspots for retroelement insertions. These vary-
ing gene densities suggest that the soybean genome
does not fit a single model for genome organization
and appears to be a mosaic, at least in portions of
the genome. Most of the gene space is probably com-
posed of fairly densely packed genic regions while
other parts of the genome have sparse genes inter-
spersed with repetitive elements. Further, gene space
may not be restricted to nonrepetitive regions as has
previously been suggested (Lin et al., 2005).

Functional Divergence of FAD2 Genes

The FAD?2 genes provide an excellent model for
studying functional divergence in a paleopolyploid
genome. Previous studies have identified FAD2 genes
as encoding w-6 fatty acid desaturases that catalyze
the conversion of 18:1 oleic acid to 18:2 linoleic acid
in soybean (Okuley et al., 1994; Heppard et al., 1996).
This conversion is of particular interest in soybean
due to the growing desire for low-linoleic soybean
oil (Thomas et al., 2003). The structure of the five
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sequenced FAD2 genes in soybean are similar to

one another but form two distinct sub-groups, the
FAD2-I's and FAD2-2’s. Previous work has looked

at the expression of FAD2-1A and FAD2-2B in both
vegetative tissues and developing seeds (Heppard et
al., 1996). Their results suggested that FAD2-1A is
expressed specifically in seeds and that FAD2-2B is
expressed in all tissues, but at lower levels in seeds
than FAD2-1. This partitioning of function is very
characteristic of possible fates of duplicate genes in a
paleopolyploid. Following duplication, paralogs may
either retain original gene function, subfunctional-
ize, neofunctionalize (obtain a new function), or be
silenced (Force et al., 1999). Further, when looking
for temperature-dependent expression differences
with either FAD2 copy, none were observed (Hep-
pard et al., 1996). This was surprising since devel-
oping pods grown at cooler temperatures have an
increase in linoleic acid, presumably due to increased
expression of a FAD2 gene.

The identification of three more copies of FAD2
raises several questions as to the expression of each
gene: are both FAD2-1s only expressed in pod tis-
sue, and is there a temperature-dependent increase
in expression in any FAD2 gene? RT-PCR screens
using FAD2 primers showed that FAD2-1 (gmwl-
15k6) does not appear to be expressed exclusively in
pods. While their expression is primarily in develop-
ing pod tissues, both FAD2-1A_L (gmwl1-15k6) and
FAD2-1B_S (gmw1-105h23) showed expression in
other tissues. These tissues represent different devel-
opmental stages of young seedlings; FAD2-1B_S
may be expressed earlier in the seedling followed by
expression of FAD2-1A_L.

Alternative splicing is another means for func-
tional divergence (Su et al., 2006). The EST-based
gene structure prediction identified at least two
functional cases of alternative splicing in FAD2
genes, FAD2-1A (gmwl1-15k6) and FAD2-1B (gmwl-
105h23). Looking at the similar structure of the
alternative spliced products, it appears that the
FAD2-1 genes retained their alternatively spliced
transcripts after duplication. Conversely, FAD2-2
ESTs did not show evidence for alternative splicing.
Instead, FAD2-2 has been tandemly duplicated on
gmwl-11j16. This shows that even within a gene fam-
ily, the mechanisms for increasing the material for
functional divergence may be varied. The RT-PCR
results show slight differences between the alterna-
tively spliced transcripts, but only in the vegetative
tissues (Fig. 4). Similarly, when semiquantitative RT-
PCR reactions were performed, no differences could
be identified in the developing pod tissue between
the alternatively spliced products (data not shown).
In both cases, when looking for changes in fold

expression at each time point between developing
pods from cool conditions and warm conditions, the
fold change was the same for the alternatively spliced
transcripts of FAD2-1A and FAD2-1B.

The primary objective of the semiquantitative
RT-PCR experiments was to look for fold change
differences in expression between developing pods
from cool and warm conditions. Table 3 shows that
FAD2-2C (gmwl-45m6) is the only gene that showed
significant transcript increase in developing pods
from cool conditions. Thus, FAD2-2C is the most
likely gene candidate for increasing the pool of w-6
fatty acid desaturases at lower temperatures leading
to an increase in linoleic acid. This gene, however,
is not the only one to show temperature-dependent
changes in transcript accumulation. Both FAD2-1A
(gmwl-15k6) and FAD2-1B (gmw1-105h23, and their
respective alternative transcripts) show significant
fold increases in transcript accumulation in develop-
ing pods from warm conditions. These results are
similar to those shown with Northern blot analysis
by Heppard et al. (1996). This increase in expression
may be due to the proposed instability of the FAD2-1
encoded m-6 fatty acid desaturases at higher tem-
peratures (Heppard et al., 1996; Tang et al., 2005).
Further studies looking at the expression of each of
these genes in the various compartments of develop-
ing pods may identify varying expression patterns of
the FAD2 genes or even a partitioning of expression.
The proposed role of modifying genes in the conver-
sion of oleic to linoleic acid (Alt et al., 2005) should
also be considered.
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